Dietlyamine bisulphate/sulfate was synthesised and characterised for HT-PEMFCs. FTIR spectra showed that ionic liquid did not change the PBI structure. PBI/xDESH membranes conditions with conductivity >0.01 S cm À1 at 150 C. The measured proton conductivity is ca. 4 times lower than ionic conductivity. The ionic liquid drag will limit the life of the cell due to the IL migration. 
Introduction
Polymer electrolyte membrane fuel cell, PEMFC, using hydrogen and oxygen, directly convert their chemical energy into electrical energy with only water as the by-product. Current fuel cells most often contain polymer electrolyte membranes carrying sulfonic acid groups [1e3] . The main obstacles to the commercial use of perfluorinated polymers for fuel cell applications are cost, efficiency, durability, thermal and mechanical stability and water management [4, 5] . Water is essential for the mobility of their protonic charges carriers as it solvates the proton and promotes its mobility by structure diffusion and by vehicle-type transport [6e8] . The conductivities of these membranes rely on maintaining a sufficient hydration level, and thus constant humidification is required and their operating temperature is usually limited to <90 C. A factor allowing further progress in polymer electrolyte membranes fuel cell is an increase in operational temperature above 100 C [9] , in an ideal case above 150 C. PEMFCs operating at higher temperatures have a number of benefits: the reaction rate at both electrodes, anode and cathode, is increased, a better CO tolerance allows a simplified fuel pre-treatment [10e13], a higher operating ionic conductivity can be obtained and cogeneration of heat and power production becomes possible [14] .
Research on membrane development for sustainable high temperature PEMFCs operating under dry conditions is frequently directed towards dense polybenzimidazole (PBI, Poly(2,2 0 -m-(phenylene)-5,5 0 -bibenzimidazole)) membranes. PBI is a promising candidate for use in a high temperature environment. It has excellent chemical and thermal stability and it is often used in thermal protective clothing and fire blocking applications. Depending on its grade, PBI has an upper working temperature between 260 C and 400 C. Ideally, the electrolyte within these fuel cells would allow operation without humidification with a strong drive to increase the available operating temperatures to at least 120 C. As with most polymers, PBI is an electrical insulator and many attempts have been made in recent years to improve its proton conductivity. Often PBI is doped with phosphoric acid to provide proton conductivity [12, 15, 16] , but the chemical stability of the PBI membranes rapidly degrades at temperature above 150 C due to dehydration of phosphoric acid and other environmental issues [17] . It has been reported that oxygen reduction activities of platinum electrodes, in 85% H 3 PO 4 , was much higher when the oxide layer was removed (by pre-treatment at cathodic potentials) compared to oxidized platinum electrodes. In addition, there would be deactivation with phosphate anion adsorption at positive potentials [16, 18] . Besides, acid leaching is another factor that needs addressing. Sulphuric acid [15] and other organic molecules as imidazole and pyrazoles [19] were used in order to improve the ionic conductivity of PBI.
Different authors [19, 20] propose the use of ionic liquids (IL) as a conductive electrolyte to replace phosphoric acid with the intention to overcome the disadvantages resulting from the acid. IL, i.e. molten salts at low temperatures <100 C, have very interesting properties as high temperature electrolytes due to their low volatility, chemical and thermal stability, non-flammability and high ionic conductivity.
The use of IL based membranes as anhydrous electrolyte is well documented in the literature [21e24] . Most of the materials are evaluated in terms of ionic conductivity. With values in the range of 10
À3

e10
À2 S cm
À1
, ILs are claimed to be an alternative for anhydrous fuel cell operation. However, data on their use in fuel cell is very limited. Relying only on ionic conductivity values can be misleading, for a start: there is confusion between the measured ionic conductivity s imp of IL based composite membranes and their proton conductivity. s imp is related to the ionicity (dissociation) of the IL. Proton conductivity might be only a fraction of the observed ionic conductivity.
The transport of the charge is mainly ionic rather than protonic in several IL [21] , because the ratio of equivalent conductivity to fluidity (Walden Plot) is below the ideal KCl plot, unlike aqueous mineral acids (above KCl) where the transport is assisted by the independent jumping of protons [21] .
The molar conductivity ratio L imp /L est is a precise physicochemical parameter for representing the self-dissociation of ILs, L imp is calculated from the ionic conductivity from impedance measurement and L est is the estimated value from the selfdiffusion coefficient of cation D þ and anion D À given by Nernste Einstein equation [22] :
where F is Faraday constant, R is gas constant, and T is the absolute temperature. Equation (1) assumes that every diffusing species contributes to the molar conductivity. In contrast, L imp relies on the migration of charged species in an electric field. The ratio L imp /L est , therefore, indicates the proportion of ions that contribute to ionic conduction from all the diffusing species and can be used as a quantitative measure of ionicity [22] . When the association of anions and cations is predominant, in which charges are completely neutralized L imp /L est will show very low value. Although ideal ILs consists of non-associated ions, in reality they form aggregates or clusters to some extent. There is experimental evidence of ionic association in ILs [22] . The increase in the cohesive energy and consequently the extremely low vapour pressure of ILs is a result of predominant coulombic interactions, short distance interaction, between the anion and cations leading to L imp /L est values below 1.
In amine based protic ILs, the acceptor of the proton generated by the HOR is either amine [23, 24] (Reaction (2)) or the anion as shown in Reaction (3), or if the used anion is relatively a strong acid that can further ionize to release another proton such as HSO 4 À (pK a ¼ 1.99 at 25 C) as of Reaction (4) . The protonated product of Reactions (2), (3) or (4) will diffuse to the cathode and react with O 2 to produce water (Reaction (5)) for the case of Reaction (3) or Reaction (6) for the case of Reaction (2):
In anhydrous systems, Reaction (3) is the most likely to occur as the degree of dissociation in Reaction (2) is very small (pK a ¼ 10.68 at 25 C) and Reaction (4) become negligible without water. However diffusion of HA 2 À is much slower than that of A À (less than half by simply using the StokeseEinstein equation [27] .
While most of the attention in current research is focussing on the ionic conductivity, the suitability of the electrolyte for fuel cell application is of paramount importance, this includes: proton transport number (conductivity), thermal stability, dimensional stability with changes in temperature and hydration, electrochemical stability on Pt (under reducing and oxidizing potentials in the presence of O 2 and H 2 ). The compatibility with the electrocatalyst in the fuel cell is also critical (its performance can be significantly impacted by loss of contact or adsorption of the IL material [28] ). The conducting salt significantly affects the reversibility and kinetics of oxygen reduction in non-aqueous electrolytes [29] .Viscosity also strongly influences mass transport of electroactive species hence determining kinetics of the reaction [29] .
The low open circuit voltage could arise from the IL anion adsorption on the noble catalyst or its electrochemical activity as an intermediate in Reactions (2) and (5) above or due to a mixed potential arising from electrochemical instability of the IL ions (reduced or oxidized). The possible influence of solvation layers, or more generally of adsorbed ionic liquids specially in non-aqueous solutions, on electrochemical processes has hitherto been neglected in the literature [30] . In aqueous solutions, ion adsorption on a metal surface is favourable when the ion adsorption free energy is less than that of water, however in the absence of water, adsorption of even typically low adsorbing large anions such as trifluoromethanesulphonate becomes significant. The catalytic activity of Pt for oxygen reduction reaction (ORR) in a mixture of bis (trifluoromethane sulphonyll) imide and 1-ethyl-3-methylimidazolium bis (trifluoromethane sulphonyll) imide decreased with time because of adsorption of the TFSI anion [31] .
The adsorption of various IL on Au(111) is reported [32] . It was shown that the innermost layer is enriched in ions that interact electrostatically with the gold surface. This layer contracted and became harder to displace (more tightly bound) as the surface potential was increased. The presence of an adsorbed layer of IL (1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulphonyll) amide or 1-ethyl-3-methylimidazolium bis(trifluoromethylsulphonyll) amide) in nonaqueous conditions is confirmed on Au (111), while a clean surface is observed in aqueous solution of the IL under what are otherwise the same conditions [30] .
Platinum has a relatively low hydrogen oxidation reaction (HOR) activity and oxygen reduction reaction (ORR) activity in diethylmethylammonium bis(trifluoromethane sulphonyll)imide environment (inhibitor) and thus the open circuit voltage (OCV) was low at ca. 0.7 V [24] . A H 2 /O 2 fuel cell utilizing diethylmethylammonium trifluoromethanesulphonate [dema] [TfO] IL showed decreasing OCV values with increasing temperature with a value of ca. 0.7 V at 140 C and limiting current density of 100 mA cm À2 [24] . Limiting current density of 2 and 16 mA cm
À2
were reported at 100 C for ORR and HOR, respectively in alkylpiperidinium, combined with fluorohydrogenate anions [33] . An OCV of 0.85 V and limiting current density (j L ) of 0.6 mA cm À2 was reported at 130 C in imidazole-bis(trifluoromethanesulphonyll) IL [34] . OCV of 0.58e0.59 V and j L of 6 mA cm À2 were reported with 1 mg pt cm À2 at 100 C in N-ethyl-N-methylpyrrolidinium [35] . An OCV of 0.7e0.85 V and j L of 0.6e0.8 mA cm À2 at 150 C 0%RH were reported for bezimidazole/H-bis(trifluoromethanesulphonyl)imide [36] . Recently, OCV of 0.5e0.62 V was reported for porous PBI film with 1-H-3-methylimidazolium bis(trifluoromethanesulphonyll) imide using 5 mg pt cm À2 at 1.5 atm pressure and temperature range of 30e150 C [37] . The OCV was reported to fall from 0.9 to 0.6 V when the temperature was increased from 80 to 120 C in N-ethyl-N-methylpyrrolidinium fluorohydrogenate (1 mg Pt cm À2 ) [35] . OCV of 0.58 V and j L 6 mA cm À2 using 1 mg Pt cm À2 at 100 C in 2,3-dimethyl-1-octylimidazolium triflate [38] . OCVs of 0.6 and 0.85 V at 2.5 and 5 mg pt cm À2 , respectively, at 120 C were reported in diethylmethylamonium triflate, with increase to 0.9 V upon the addition of 5% H 3 PO 4 enhancing the proton conductivity [39] . respectively. Those of hydrogen were a factor of 10 and one-tenth compared to oxygen, respectively [42] . The hydrogen evolution reaction showed diffusion limiting current in IL although a diffusion limiting current never appeared in the aqueous electrolyte or upon addition of 10%H 3 PO 4 . The limiting current was three orders of magnitude lower than that estimated from the permeability, and the diffusion limiting species is the hydrogen carrier species because of the [dema] cation's weak activity for the proton donor. The Li diffusion process in IL was similarly shown to dominate the observed limiting current (along with the toutousity and porosity of the separator film) in binary Li-trifalte based ionic liquid evaluated using symmetric cell LijILjLi [43, 44] . In this work, in order to assess diethlyamine bisulphate/sulphate ionic liquid for high temperature fuel cell application, we have fabricated composite hybrid membranes of PBI and ionic liquid diethlyamine bisulphate/sulphate, PBI/xDESH. The ratio of diethylamine/sulphuric acid was 1/1 mol DESH or 1/2 mol DESH (2) .
The addition of excess acid into the IL composite membrane supplies more protons (from acid ionization) and also decreases the viscosity of the ionic liquids. The addition of acids having common anions (with IL) to some extent into polymer/ionic liquid based composite membranes will be a good approach to prepare ionic liquid based composite membranes for anhydrous and high temperature PEMFCs [45] . Sekhon et al. reported that the addition of acids containing a common anion of ionic liquids into the ionic liquid based composite membranes increased ionic conductivity of the composite membranes [38] . In contrast, it was reported that the addition of extra acid to IL (triflate based) did not result in an increase in ionic conductivity; on the contrary, the conductivity of the doped system is lower in the low temperature phases. This indicates a more ordered or less defective phase, either as a result of an ordering effect of the triflic acid or a filling of the anion vacancies [28] .
The thermal stability, ionic conductivity, nature of interaction between IL and membrane support is reported in this work. Furthermore, the suitability of the composite membranes for HTPEMFCs in a single-cell was examined under different conditions.
Experimental
Materials
Diethylamine 99.5%, dimethyl sulfoxide (DMSO) 99.5% and sulphuric acid 96% (Aldrich) were used as received. Poly(2,2 0 -m-(phenylene)-5,5 0 -bibenzimidazole) (PBI) powder (BETWEEN, Lizenz GMBH) was dissolved in DMSO at a temperature of 150 C. Other chemicals and solvents were used as received.
Diethylamine sulphuric acid, (DESH) was prepared by direct neutralization between the Brønsted acid (sulphuric acid) and base (diethylamine). The synthesis was performed in a 50 ml flask under vigorous stirring with 5 or 10 ml of diethylamine, and sulphuric acid was added drop wise till the ratio of diethylamine/sulphuric acid was 1/1 mol or 1/2 mol DESH(2). The temperature was kept at 0 C using an ice bath. After the reaction, the excess diethylamine and the water were separated by distillation. Upon cooling the ionic liquid, a white solid gel was obtained.
Preparation of PBI/DESH hybrid membranes
The composite membranes were fabricated using a solution casting method. An appropriate amount of ionic liquid DESH was added to the PBI/DMSO solution (5 wt%), resulting in a viscous solution after stirring. The mixture was sonicated for several hours and placed in a water bath at 75 C for 12 h. The resulting viscous solution was casted on a Petri dish in an open oven at 80 C for 12 h. These uniform composite hybrid membranes were peeled from the Petri dish and dried in an oven at 110 C for 4 h before starting the measurements. The PBI/xDESH membranes, where x is the moles of DESH per mole repeat unit of PBI, chosen for this study were 1/3, 1/ 4, 1/6, 1/8, 1/10 and 1/12.
Membranes obtained by an impregnation method were also studied. PBI membranes obtained from PBI/DMSO solution 5 wt%, were immersed in pure DESH and kept in a water bath at 75 C for 48 h. The resulting membranes had very low conductivity, practically the same as pristine PBI, as no IL uptake (no increase in weight after doping) was observed.
Membrane characterization
FTIR spectra of the membranes samples were measured in reflection mode with a Simazu (IRAffinity-1) spectrometer in the range of 4000e500 cm À1 with a resolution of 4 cm
À1
. The KBr pellet method was employed.
1 H MAS NMR spectra were recorded using a Bruker Av-400-WB machine. A triple channel probe (4 mm) with a HR rotor of 40 mL was used. The spectral width was fixed to 50 kHz, with a p/2 at 70 kHz pulse and relaxation time equal to 2 s. The rotational speed was 5 kHz. 1 H was referred to H 2 O as a secondary reference, to 4.77 ppm relative to TMS as a primary reference.
The elemental analysis was conducted in silver capsules using a LECO Elemental Analyzer CHNS-932 at an oxidation furnace temperature of 1000 C and a reduction furnace temperature of 650 C. The oxygen first and second dosing rates were 20 and 10 cc min À1 , respectively.
The mechanical strength of the membranes was measured with a vertical filament stretching rheometer, in which the bottom plate was stationary and the upper plate was pulled at a constant separation rate of 5 mm per minute.
Thermal stability of the PBI, ionic liquids and hybrid membranes was investigated by thermogravimetric analysis (TGA) (TA Instrument 20). The samples were heated from room temperature to 600 C with a heating rate of 10 C min À1 under nitrogen atmosphere. Weight loss was measured and reported as a function of temperature. Differential scanning calorimetric (DSC) was performed (TA Instrument 10) under nitrogen atmosphere. The samples were tightly sealed in aluminium pans. The samples were first cooled from room temperature to À85 C and then heated to 250 C, at 10 C min
. The glass transition temperature, T g , were defined as mid-temperatures of the heat capacity changes.
Conductivity
Through plane ionic conductivities of the composite membranes were determined by means of complex impedance analysis in the temperature range of 25e200 C. The two point technique (through plane) used two platinum probes (25 mm Â 5 mm) in contact with opposite sides of the measured material. The probes were used to source current and measure the voltage drop.
The electrochemical measurements were carried out with a frequency response analyzer (N4L model PSM1735). The frequencies were swept from 200 kHz to 1 Hz recording six points per decade with AC signal amplitude of 10 mV. The relative humidity was obtained from an intrinsically safe humidity sensor (Vaisala HUMICAPVR, Finland). The conductivity (s) was calculated as follows:
where R, L, and A are the measured resistance, membrane thickness, and cross-sectional area of the membrane, respectively. The membranes were dried in an oven at 110 C for 4 h followed by further 20 min in-situ drying using dry Argon at 110 C prior to testing. The dry measurements were carried out between 60 and 120 C beyond which different humidities were introduced in the temperature range of 120e200 C.
Fuel cell
Fuel cell tests were carried out in 1 cm 2 titanium cell with a serpentine flow fields. Mica filled PTFE inserts were used to surround the flow fields and provide location for the O-ring seal. The temperature of the cell was controlled by thermostatically controlled cartridge heaters inserted into the cell body. An Autolab PGSTAT 30 (Eco Chemie, The Netherlands) was used to carry out the electrochemical measurements. Polarization curves were recorded using a cathodic sweep at a scan rate of 0.5 and/or 5 mV s À1 . The catalyst ink was prepared by sonicating the Pt (40%Pt/C Johnson Matthey HiSPECÔ 4000) catalyst and polytetrafluoroethylene (PTFE) dispersion (60 wt% Aldrich) in a watereethanol mixture. Gas diffusion electrodes (carbon cloth) incorporated with wet proofed micro porous layer obtained from Freudenberg (FFCCT, Germany) was used as substrates to deposit the catalyst layer for both anode and cathode. Typical anodes and cathodes were prepared using 0.3 mg Pt cm À2 with 40% wt PTFE.
Result and discussion
Characterization of ionic liquid
The elemental analysis of ionic liquid was done from wet and dry samples. The weight % obtained for carbon C, hydrogen H, nitrogen N and Sulphur S are given in Table 1 .
Results from elemental analysis (Table 1) suggest that the ionic liquid DESH or DESH(2), did not simply contain the anion bisulphate (SO 4 H À ), rather we could think of it as a mixture of bisulphate and sulphate anions. The ratio value of S/N is 2.29 for pure diethylaminebisulphate ðHSO 4 À Þ or 1.14 for (SO 4 ¼ ) for pure diethylaminesulphate, respectively. However, the experimental S/N ratios obtained were 1.51 to (DESH) and 1.68 to (DESH(2)), suggesting a mixture of both anions.
1 H MAS NMR spectra from both DESH and DESH(2) dry samples were obtained (Fig. 1) According to these results, the integration of the H peak from the bisulphate anion spectrum corresponds to value less than one. This agrees with the earlier indication that mixtures of anion sulphate and bisulphate are present in both DESH and DESH(2). Therefore it was not possible to conclude that the ionic liquid is only a bisulphate diethylamine, but a mixture of sulphate and bisulphate diethylamine. , characteristic of the PBI acid doped membranes and assigned to the n(N þ eH) stretching mode are not visible [49, 50] . This agrees with the earlier observation that no IL uptake was observed in the impregnation method (Section 2.2).
For pure DESH the broad peaks located between 3000 and 2841 cm À1 represents the stretching of CeH alkyl groups. These peaks were visible in the hybrid membranes incorporating DESH and became more intense with increased amounts of DESH (x ¼ 4, 6, 10e12).
In the region 2000e1000 cm
À1
, the pure PBI spectrum is composed of relatively narrow peaks, due to cycle vibrations as well as in plane NH and CN deformation modes (dNH and dCH). Bands derived from aromatic C]C and C]N stretching modes are found in 1620e1440 cm
. If the imide groups are protonated, frequency of some of the ring vibrations n(CeN) located at 1630 cm À1 and n(CeC) at 1534 cm À1 at the imidazol ring could decrease. However, this was not observed in the PBI/xDESH hybrid membranes case, indicating that the imide groups at the imidazole ring are not protonated in agreement with the earlier conclusion.
The intense absorption bands in the 1300e500 spectral region are characteristics of the sulphur/bisulphate anions from the DESH (Fig. 2) ) can be assigned to the species indicated in parenthesis [51] . The CeH out-of-plane vibration, heterocycling-ring vibration and benzene-ring vibration are also seen in this region. It can be concluded that the 1249, 1164 cm À1 corresponding to the IL are present in all PBI/xDESH hybrid membranes and became more visible with increased amount of xDESH. In summary the ionic liquid incorporated in the PBI, did not change the PBI structure, the imine group from the imidazole ring was not protonated, and the ionic liquid only weakly interacts with PBI and remains free inside the structure of PBI film allowing for the observed ionic conduction.
Thermal properties
The thermal stability of polymer electrolyte membranes was studied at the intended operating temperature range above 100 C. Fig. 3 shows the thermogravimetric curves of pure PBI, DESH(2) and PBI/xDESH hybrid membranes. For pure PBI dried for 4 h at 110 C, a weight loss of 3% appeared around 200 C and can be related with small traces of DMSO (solvent) remaining in the membrane (DMSO was detected also by NMR). The 18% weight loss at 600 C can be attributed to the degradation of the polymer and the residue weight at 850 C was approximately 71.3%. When the sample was evaluated without prior drying, approximately 1.8% weight loss from room temperature to 120 C was recorded due to the loss of water in the PBI. The hydroscopic properties of the ionic liquids DESH(2) is reflected in an observed weight loss of 2.7%. Similarly, the produced hybrid membranes PBI/xDESH had weight loss of 13.4 and 13.4% for PBI/6DESH(2) and PBI/8DESH, respectively.
The sharp weight loss shown by DESH and DESH (2), of approximately 90%, around 250 C, could represent the decomposition of the ionic liquid, it is possible that both the aliphatic part of the hydrocarbon and the amine decompose/disappear at this temperature. Weight loss between 120 and 200 C in the case of PBI/6(DESH(2)), PBI/8DESH and PBI were only 5, 3 and 0.4%, respectively, in the same temperature range restricting their use at temperatures above 200 C. Fig. 4 shows the differential scanning calorimetry, DSC thermograms of the pure ionic liquid DESH, DESH(2) and PBI/xDESH hybrid membranes. For the pure DESH, a low glass transition temperature of T g (À54.4 C) was observed, devitrification (crystallization) temperature T c around (10.0 C) and melting point of T m (53 C). DESH(2), on the other hand, showed only two values of T g (À57.4 and 23.8 C), the first one located very closely to the DESH. The low glass transition temperature is a good indication that the ionic liquid DESH and DESH(2) are likely to have low viscosity and high ionic conductivity. T g gives a representation of the cohesive energy of the sample, so low T g values correspond to low cohesive energies. This energy decreases by the repulsive Pauli interaction due to the overlap of closed electron shells, and it increases through the attractive Coulombic, van der Waals and hydrogen-bonding interactions [52] .
On the other hand, no significant phase transition was detected in the studied hybrid membranes samples PBI/xDESH suggesting no significant interaction between the IL and PBI. Only two T g (T g1 À61.3, À61.0& À61.6 and T g2 þ11.2, 0.3 & À1.1 C) were distinguished for PBI/6DESH, PBI/8DESH and PBI/6DESH(2), respectively. Pure PBI has a glass transition temperature above 400 C [53] .
Conductivity and mechanical properties
Proton transport in ionic liquids is clearly affected when the ionic liquid is mixed with a polymer, such as PBI, generating a hybrid compound. The relative amount of cation and anion diffusion, for example, has been found to change drastically upon incorporation of ionic liquid into a homopolymer and block copolymer. Specific interactions or the prevalence of anionic aggregates cause the cation to diffuse significantly faster (3e4 times) than the anion, which is in contrast with the neat ionic liquid [54] .
Pristine PBI has a negligible conductivity and requires doping with acid or IL to facilitate proton conduction. The higher the doping level used, the higher the conductivity. However, the mechanical properties and tensile stress of PBI deteriorate dramatically on increasing the doping level.
The stress at break for phosphoric acid doped PBI is reported to be 130, 48, 30, 7 and 3.5 MPa (decreasing sharply) with an increase in doping amounts (x) of 0, 2.3, 3.3, 5.6 and 6.7, respectively [41] . Similarly, the stress at break for the samples with different doping level is reported. At IL: PBI molar ratios of 0, 4, 6, 10 and 12, the breaking stresses were 138, 10, 2, 1.4 and 0.72, respectively.
The application of the doping acid results in volume swelling of the PBI membranes and therefore an increased separation for the PBI backbones, which in turn would reduce the intermolecular forces and consequently reduce the mechanical strength of the membranes. A balance between good conductivity and mechanical properties is typically achieved at a doping level of around 6 mol of acid/IL per mole of polymer (PRU) [55] . Fig. 5 shows the conductivities of PBI/DESH hybrid membranes at different temperatures and different molar ratio under anhydrous condition between 60 and 120 C and under different humidifications between 120 and 200 C. The conductivities of the PBI/xDESH hybrid membranes increased with both the temperature and the xDESH content. In the dry state and room temperature, pristine PBI has a conductivity of 10 À5 e10 À6 S cm
À1
, while the dry PBI/xDESH membranes showed ionic conductivity of 10 À3 S cm À1 with PBI/DESH molar ratios between 1/4 and 1/12. All the ionic conductivities of PBI/xDESH hybrid membranes were over 2 Â 10 À3 S cm À1 under hydrous state, at room temperature (not shown in Fig. 5 ). In comparison Nafion Ò 117 at 25 C under hydrous state out performs the dry and humidified PBI/xDESH membranes, with proton conductivity of 12 Â 10 À3 S cm
. But under dry conditions, Nafion Ò shows very poor proton conductivity ca 10 À5 S cm À1 [56] . The conductivities of PBI and the PBI/xDESH membranes were also measured at higher temperatures, between 60 C and 120 C (dry conditions) and 120e 200 C in low humidity conditions, (results are shown in Fig. 5 ). PBI/ xDESH membranes showed an ionic conductivity four orders of magnitude higher than that of pristine PBI membrane (1e 2 Â 10 À6 S cm À1 at 120e200 C). The ionic conductivity of the hybrid membrane significantly increases with increased temperature and ionic liquid content and reaches a maximum value of 0.04 S cm À1 at 200 C in PBI/12DESH membrane. The ionic conductivity can be fully attributed to the DEHS ionic liquid incorporated in the hybrid membrane. The results also show that the manufactured hybrid membranes can withstand temperatures up to at least 160 C without losing their conductivity. The increase of the ionic liquid conductivity with temperature, is possibly due to the decrease in viscosity at higher temperatures. According to the hole theory for transport properties in molten salts, an Arrhenius type Equation (8) for the temperature dependence of the electrical conductivity is expected [57, 58] . Fig. 4 . DSC traces for DESH, DESH (2) and PBI/xDESH without prior drying hybrid membranes. Fig. 3 . Thermogravimetric curves for PBI (dry, wet), DESH, DESH (2) and PBI/xDESH wet hybrid membranes.
where E a is the activation energy for electrical conduction (which indicates the energy needed for an ion to jump to a free hole), s 0 is the maximum electrical conductivity (that it would have at infinite temperature), and R is the gas constant. All the tested hybrid membranes showed similar temperature dependent conductivity which indicates a similar ionic conductivity mechanism. The slope is linearly fitted from the log (ionic conductivity) with inverse temperature. Table 2 lists the various Arrhenius parameters of PBI/xDESH, i.e. slope from regression result, and ionic conduction activation energy.
The activation energy obtained of the PBI/xDESH hybrid gel membrane ranges from 16 to 33 kJ mol À1 for the membranes under dry conditions (60e120 C) and from 20 to 26 kJ mol À1 for the 60e 200 C dry-humid temperature range, as was indicated in Table 2 . The values calculated are similar to the Grotthuss mechanism activation energy, which ranges from 14 to 40 kJ mol À1 [59] . This could imply that the ion-conduction mechanism in the membrane will be dominated by this mechanism. Hence, one hypothesis is that the SO 4 H À and SO 4 ¼ anions from the ionic liquid could interact with the PBI and displace the ion away from the exchange sites (Ne H) of PBI and the ionic channel between PBI molecules, however this was not observed by FT-IR. Kreuer [60] suggested that the proton transport in acid-based materials under anhydrous or low humidity conditions occurs by a Grotthuss mechanism, in which only protons move from site to site without diffusible water molecules, such as H 3 O þ or H 5 O 2 þ . In this case the vehicular transport mechanism play a big role, when the amount of IL is increased in the PBI/xDESH, the ionic conductivity also consequently increased (see Fig. 5 ), but without excluding totally the hopping transport, it is possible to think that the vehicular transport will be dominant. The vehicular mechanism is also consistent with the observed IL drag/migration from anode to cathode in the fuel cell tests.
In the PBI/6DESH(2) sample, the specific conductivity was slightly higher than PBI/6DESH in the low temperatures (60 Ce 120 C) and more noticeably between 120 and 200 C, (Fig. 5) . The PBI/6DESH(2) membranes have more "free H 2 SO 4 molecules" but these molecules cannot move effectively for a long distance. The ionic liquid thus forms an ionic channel within the polymer matrix to enhance the conductivity. Fig. 6 gives the schematic illustration of the PBI/xDESH ionic channel system hypothesis.
The obtained PBI/xDESH membranes could operate under a higher temperature/low humidity conditions with acceptable conductivity level >0.01 S cm À1 .
Fuel cell performance
The need for good proton conduction without water transfer is particularly challenging. Besides that, in order to function as HT-PEMFC membranes, membranes need to satisfy other characteristics: low permeability to H 2 and O 2 , thermal stability, dimensional stability with changes in temperature and hydration and electrochemical stability under reducing and oxidizing potentials in the presence of O 2 and H 2 . The compatibility with the electrocatalyst in the fuel cell is also critical. Under operational conditions, fuel cells have a voltage loss from three different sources: kinetics, Ohmic and mass transport losses. The Ohmic losses are related to the conductivity of the electrolyte, while mass transport losses will be affected by the electrode design and permeability of the IL. However, it is difficult to predict the cause of activation losses because it is very much dependent on the interfacial electrochemical interactions between the ions and the catalyst nanoparticles (electrode surfaces) as well as the compatibility/adsorption of the IL on the used catalyst surface. The activity of the proton produced in the HOR and consumed in the ORR strongly depends on the nature of the ionic liquid system involved. Fig. 7 shows H 2 /O 2 polarisation curves for PBI/8DESH at different temperatures. Increasing the temperature resulted in a decrease in the observed OCV from 0.66 to 0.45 V and improvement in the polarisation curve slope. The increase in the slope could be attributed to enhancement of proton diffusion. The increase in the measured ionic conductivity is clearly shown in Table 3 . At a humidity of 25%, the resistivity decreased from ca. 8 to 3 U cm 2 when the temperature increased from 80 to 120 C. Moreover, at fixed water vapour pressure (decreased humidity with increased temperature) the ionic resistivity decreased from 3.8 to 2.7 U cm 2 when the temperature increased from 100 to 140 C. This corresponds to ionic conductivity (considering the membrane thickness of 224 mm) ca. 6 Â 10 , respectively at similar conditions. The beneficial effect of humidity on the ionic conduction in IL suggests that a further decrease in IL viscosity enhances the ions (H þ ) and reactant diffusion.
To obtain the proton conductivity of IL, the proton transference number must be measured [61] . One of the best ways to do that is in symmetrical cells as reported for Li þ IL [43, 44] . In this work we applied a similar method using hydrogen, where H 2 is oxidized at the anode and re-generated (H 2 evolution) at the cathode. The measured slope of the IeV line is reported in Tables 3 and 4 as proton resistivity, R H þ , and consequently the proton conductivity is calculated s H þ . The measured proton conductivity, however, is ca. 4 times lower than that of the measured ionic conductivity (Table 3 ). This could be estimated roughly by considering Equation (3) for proton conduction where the proton is associated with two anions A À resulting in ionic agglomerate HA 2À with more than double the ionic radius of A À and consequently less than half of its diffusion.
Additionally, considering the solvation of that agglomerate (osmotic drag) with l IL estimated to be approximately 1 [62] will result in increase in the radius of the diffusing agglomerate further to reach 3e5 times the size of the initial A À anion (depending on the size of the associated cation). The low OCV could arise from the IL anion adsorption on the Nobel catalyst (Pt) or its electrochemical activity as an intermediate in Reactions (2) and (5) or due to mixed potential arising from electrochemical instability of the IL ions (reduced or oxidized). The strong adsorption of several IL has been reported on Au and Pt [30e 32].
The very slow recovery in the OCV (in logarithmic behaviour) after a potential step (shown in Fig. 8 ) with time clearly indicates the slow adsorption of these reactants H 2 , O 2 , H þ on the Pt surface due to IL ions strong adsorption or sluggish mixed potential equilibrium.
The adsorption of sulphate [63] and bisulphate [64] on platinum is also documented in the literature. Sulphuric acid based (PBIe H 2 SO 4 ) H 2 eO 2 fuel cell showed a decrease in OCV from 0.95 V at 80 C to 0.67 V at 120 C as the system lost water [15] . The OCV also decreased from 0.9 to 0.7 at 70 C depending on dehydration of the PBIesulphuric acid membrane (RH%) [65] . As the system dehydrates, ions adsorption will become stronger. Moreover, the possible effect of mixed potential at the anode and cathode will be signified with water loss and a temperature increase, as will be explained below.
Sulphuric acid is known to be reduced under fuel cell operating conditions [66] . Sulphate/bisulphate could undergo several electrochemical redox reaction, the following reactions can occur in H 2 / O 2 fuel cell as they have equilibrium potential higher than the HOR and lower than the ORR [67, 68] :
Scott [69] studied Reaction (9) on platinum. Increasing sulphuric acid concentration caused an increase in over-potential for SO 2 oxidation. Operation at higher temperatures imposes practical problems of SO 2 loss from solution i.e. higher acid concentration, higher temperatures and lower H 2 O will shift the equilibrium of Reactions 9e12 to the right towards reduction at the anode, while the reverse (oxidation) will occur at the cathode causing mixed potential at both electrodes. The product H 2 S, from Reactions (11) and (12), can absorb strongly on platinum leading to its poisoning [70] . Fig. 9 shows cell and anode polarisation curves for 6DEA-HSO 4 at 10%RH and 120 C. The anode polarisation (including membrane IR) was obtained after purging the cell cathode first with argon and then with hydrogen. The anode polarisation was obtained with a H 2 feed at both the anode and cathode, with the anode as the working electrode (hydrogen oxidation) and the cathode as a counter and reference electrode (hydrogen evolution reaction (HER)). The obtained anode polarisation therefore also included the IR contribution from the membrane as well as a small contribution from the hydrogen evolution reaction (counter electrode). Large activation polarisation losses accompanied by a low observed limiting current of ca. 25 [42] . Moreover, possible H 2 S poisoning along with cation adsorption at the anode will hinder and slow considerably H 2 adsorption on Pt and consequently slow the HOR rate.
The low OCV of the cell at 0.8 V suggests mixed potential at the cathode (and anode). To further understand this, the cell potential was increased from 0.8 to 1.15 V (theoretical reversible potential for H 2 /O 2 into steam). As a result an oxidative current increasing sharply with potential suggesting an oxidation reaction taking place at the cathode along with the ORR (and similarly reduction reaction occurring at the anode along with HOR) as discussed previously in Reactions (6)e (9) . The rate of this redox reaction is considerable and reached a value of 13 mA cm À2 at 1.15 V in comparison to the observed limiting current density of 25 mA cm
À2
. Fig. 10 shows cell polarisation curves for PBI/6DESH(2)at RH of 100, 100, 47, 10 & 5% at 60, 80, 100, 150 & 180 C respectively. The cell polarisation data for the PBI-5.6H 3 PO 4 system using similar electrodes, from our previous work, is also provided for comparison [71] . As expected the PBIeH 3 PO 4 system showed superior performance to that of the PBI-IL system. This was caused by the low H 2 / O 2 permeability of the IL in comparison to H 3 PO 4 as demonstrated by the very low observed limiting current (in the IL system) and partially by the lower conductivity of the PBI-IL system. For example at 150 C, with oxygen, no limiting current was observed for the PBIeH 3 PO 4 system at the investigated current densities up to 2.5 A cm À2 [71] in comparison with 8 mA cm À2 with IL.
The strong dependence of the recorded OCV with water content is shown in Table 4 . As the water content decreased or temperature increased, the OCV fell sharply. This behaviour is reversible as the OCV recovered after a decrease in temperature or an increase in RH. For example at fixed temperature, the OCV decreased from 980 to 910 mV and from 829 to 783 mV when the RH was changed from 100 to 0% at 18 and 60 C, respectively. Similar data can be found in the literature for PBIesulphuric acid membrane, OCV also decreased from 0.9 to 0.7 at 70 C depending on dehydration of the (RH%) [65] . OCV of 0.5e0.62 V was reported for porous PBI film with 1-H-3-methylimidazolium bis(trifluoromethanesulphonyll)imide using 5 mg pt cm À2 at 1.5 atm pressure and temperature range of 30e150 C [37] . Similarly the OCV is reported to fall from 0.9 to 0.6 V when temperature was increased from 80 to 120 C in Nethyl-N-methylpyrrolidinium fluorohydrogenate (1 mg Pt cm À2 ) [35] and ca. 0.7 V at 140 C for a fuel cell utilizing diethylmethylammonium trifluoro-methanesulphonate [dema][TfO] [24] . As mentioned earlier this is explained by a shifting in the equilibrium of Reactions (9)e(12) (mainly (11)) towards increasing rate in H 2 S production at the anode (opposite at the cathode) with a more significant mixed potential effect. The beneficial effect of humidity on the decrease of the IL viscosity can also be seen from the polarisation curves. This can be explained by reduction in the IL viscosity and improvement in the H þ and H 2 and O 2 diffusion. Optimum performance under a fixed water content (humidifier at 80 C, 100% RH at 80 C) is observed at 80 C with no limiting current and maximum current density of ca 70 mA cm À2 .
As the system temperature increased beyond 80 C and the system starts to dehydrate, the IL viscosity starts to increase and proton diffusion is hindered (lower ionization reflected in large decrease in ionic conductivity). This is reflected in limiting current densities of 13 and 8 mA cm À2 at 100 and 150 C, respectively.
Under humidified conditions, optimum hydration rate and consequently highest ionic conductivity is achieved at 80 C ( Table 4) . The through plane ionic resistivity decreased to a minimum of 0.78 U cm
, which corresponds to ionic conductivity of 0.034 S cm À1 (100% RH) considering a membrane thickness of 270 mm. However, as the temperature reached 100 C, while maintaining the water vapour pressure, the system dehydrated significantly even at high humidity (47%) and the ionic conductivity decreased by an order of magnitude to 0.0026 S cm
À1
. The measured proton conductivity is ca. 3e4 times lower than that of the measured ionic conductivity in accord with the values measured and shown in Table 3 .
The ionic conductivity above 100 C didn't change significantly. However, values of the through plane ionic conductivity measured in the MEA were lower than those measured ex-situ for the membrane at temperatures above 100 C. Ex-situ measurement showed ca. 4 times higher ionic conductivities of 8 Â 10 À3 and 10
À2
at 150 and 180 C, respectively (at same RH). This can be explained by the migration of the IL from anode to cathode due to osmotic drag.
The mentioned (hydro-dynamical) solvation phenomenon is well known in PEMFCs as the proton water osmotic drag, with typical values of coefficient in the range 1.5e2.8 for Nafion [72] . Water dragged with protons from PEMFC anode to cathode does not generally create serious flooding problem as water will vaporise at the cathode and move with exist gases. However, in an IL environment, as the IL is non-volatile with a high boiling point, the hydro-dynamical solvation will not only lead to slower proton diffusion and consequently lower conductivity but also will cause serious flooding and mass transport limitation at the cathode. This cumulative effect will limit the life of the cell due to the IL migration from anode and membrane to the cathode. IL fuel cell's under current flow showed non homogenous distribution of IL, with true migration of IL towards the cathode induced by electro-osmotic drag with l IL estimated to be approximately 1 [62] .
Post-mortem SEM studies were conducted on the MEAs electrodes' after the PEMFC evaluation testing in order to corroborate the migration of IL from anode to cathode. Fig. 11a shows the SEM image from cathode GDL (carbon cloth), the structure appears flooded with IL in comparison to the anodic GDL (Fig. 11b) . The weight increase for the cathode GDL after operation was 36 wt% in comparison to 19% for the anode GDL. This was obtained by recording the weight difference after boiling the tested electrodes in DI (to remove the migrated IL) water and drying in oven.
The migration of the IL to the electrodes and particularly from anode/membrane to cathode will reduce the content of the IL in the membrane when the MEA is under polarisation (current flow). This was confirmed by re-measuring the ionic conductivity of the MEA after it was cooled to 80 C. The cell ionic resistivity increased by a factor of approximately 6 times before and after polarisation/ heating cycle with a value of 0.78 at the start and 5.2 U cm 2 at the end of the experiment.
Conclusion
Diethlyamine bisulphate/sulphate ionic liquid was synthesised and characterised for high temperature fuel cell application. Composite hybrid membranes of PBI and ionic liquid diethlyamine bisulphate/sulphate were fabricated at different composition ratios PBI/xDESH. The ratio diethylamine/sulphuric acid was 1/1 mol DESH or 1/2 mol DESH (2) .
Results from elemental analysis suggest that the ionic liquid DESH or DESH(2), does not only contain the anion bisulphate (SO 4 H À ), but rather we could think of it as a mixture of bisulphate and sulphate anions. The experimental S/N ratios obtained were 1.51 to (DESH) and 1.68 to (DESH(2)), suggesting a mixture of both anions is present. Similarly results from 1 H NMR suggested a mixture of both anions with the integration of the H peak the bisulphate anion spectrum less than one. FTIR spectra of the ionic liquid incorporated in PBI showed that the IL did not change the PBI structure. The imine group from the imidazole ring was not protonated, and the ionic liquid only weakly interacts with PBI and remains free inside the structure of PBI film allowing for the observed ionic conduction.
PBI/xDESH membranes could operate under a higher temperature/low humidity conditions with acceptable conductivity level >0.01 S cm À1 for membranes with doping level of 6PRU (x ¼ 6) and above.
The measured proton conductivity obtained from symmetrical H 2 cell, however, is ca. 4 times lower than that of the measured ionic conductivity. This could be estimated roughly by considering proton conduction, where the proton is associated with two anions A À resulting in an ionic agglomerate HA 2À with more than double the ionic radius of A À and consequently less than half its diffusivity.
Additionally, considering the solvation of that agglomerate (osmotic drag) with l IL estimated to be approximately 1 will result in an increase in the radius of the diffusing agglomerate to reach 3e5 times the size of the initial A À anion (depending on the size of the associated cation). The mentioned (hydro-dynamical) solvation phenomenon is well known in PEMFCs as proton water osmotic drag coefficient, with typical values in the range 1.5e2.8 for Nafion [72] . Water dragged with protons from PEMFC anode to cathode doesn't generally create serious flooding problem as water will vaporise at the cathode and move with exist gases. However, in IL environment as IL is a non-volatile compound with high boiling point, the hydro-dynamical solvation will not only lead to slower proton diffusion and consequently lower conductivity but also will cause serious flooding and mass transport limitation at the cathode. This cumulative effect will limit the life of the cell due to the IL migration from anode and membrane to the cathode. The low OCV of the cell at 0.8 V suggests a mixed potential at the cathode (and anode). An oxidation reaction takes place at the cathode along with the ORR (and similarly reduction reaction occurring at the anode along with HOR) as discussed previously in Reactions (6)e(9) along with the poisoning effect of H 2 S generated at the anode on Pt. The rate of this redox reaction was considerable and reached a value of 13 mA cm À2 at 1.15 V in comparison to the observed limiting current of 25 mA cm À2 .
The beneficial effect of humidity on the decrease of the IL viscosity was observed in the fuel cell polarisation curves. This can be explained by reduction in the IL viscosity and improvement in the H þ and H 2 and O 2 diffusion. Optimum performance under fixed water content (humidifier at 80 C, 100% RH at 80 C) is observed at 80 C with no limiting current and maximum current density of ca 70 mA cm À2 .
As the system temperature increased beyond 80 C, the system starts to dehydrate. This was reflected in limiting current of 13 and 8 mA cm À2 at 100 and 150 C, respectively.
